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REMOVAL OF NITROGEN OXIDES FROM A GAS
ABSTRACT
The effectiveness of monatomic nitrogen, induced by a pulsed electric arc, in reducing nitric oxide (NO) and nitrogen dioxide (NO,) was studied. The goal for this research is the reduction of nitrogen oxides (NO,) from automobile emissions by this alternative technique, which can be costeffective and has the potential to reduce NO, in exhaust containing up to 10% oxygen. The initial tests with 100, 500, and 1,000 ppm NO in pure nitrogen have shown that a greater than 50% reduction of NO/NO, is readily achievable. At an NO concentration of 100 ppm, a greater than 90% NO/NO, reduction was recorded. Different flow rates of the monatomic nitrogen and the gas stream were tested. The flow rate of the monatomic nitrogen did not have a significant effect on the reduction efficiency, unlike the flow rate of the gas stream. The cross-sectional flow area of the gas stream was varied in order to assess whether the proximity of the gas stream to the arc would affect NO/NO, reduction. Results of the tests revealed that the smallest cross-sectional area had the best reduction, but also the highest chance of contacting the arc. The composition of the gas stream was also varied to elucidate the effects of NO, and 0, on the NO/NO, reduction efficiency. When NO, and 0, are present in the gas stream, both gases lower the reduction efficiency significantly by creating more NO or NO,. Experiments are continuing to improve the reduction efficiency. The electrical power, a function of pulse frequency, voltage, and current, was treated as a key parameter in the investigation. The power consumption of the high-voltage pulser apparatus for a 100-kW engine was estimated t o be 3 kW.
INTRODUCTION AND BACKGROUND
SOURCES OF NITROGEN OXIDES
Nitrogen oxides (NO,) are produced from both natural and anthropogenic (man-made sources). A large amount of NO, is produced from volcanic eruptions, lightning, and bacterial action in the soil. However, because naturally occurring NO, emissions are distributed over the entire globe, resulting air concentrations are small compared to local anthropogenic sources. 1 The major source of NO, emissions created by human activities is combustion of fossil fuels. NO, is formed in two ways during combustion. Thermal NO, is formed by the reaction of nitrogen with oxygen at high temperatures, while fuel NO, is produced by the reaction of nitrogen that is chemically bound in the fuel with oxygen in the combustion air. [2] [3] [4] NO, sources include both mobile and stationary emissions; each accounts for nearly 50% of the NO, produced by human activity in the United state^.^ Mobile emissions from vehicle exhaust are considered a greater health concern than stationary emissions, because they occur at ground level.
Because of the increasing use of automobiles, greater demand is being placed on the auto industry by the US. Environmental Protection Agency (EPA) to reduce vehicle emissions. Federal NO, emissions standards were set at 1.0 g/mi at 50,000 miles in 1992. A standard of 0.4 g/mi is expected t o be phased in between 1994 and 1998 and 0.2 g/mi between 2003 and 2O0EL5 A more efficient method of NO, reduction than the present catalytic methods is required to meet these upcoming emission standards.
EXISTING EMISSION REDUCTION METHODS
Stationary-and mobile-source emissions can be controlled by postcombustion techniques or by combustion modification processes. Postcombustion methods involve the reduction of pollutants directly from the exhaust gas, while combustion modification is based on altering the chemical and thermal conditions under which aidfuel reactions occur to create NO,. Catalytic reduction is a postcombustion technique that has been implemented on stationary sources. Selective catalytic reduction involves the reduction of NO, in the presence of ammonia (NH,) and a catalyst to produce nitrogen and water (H,0).374 Absorption-oxidation processes absorb the NO, into a solution containing an oxidant, which converts the NO, into a nitrate salt., Similar exhaust after-treatment methods that are currently used on automobiles are the three-way catalyst and the dual catalyst methods. In the three-way catalyst method, NO,, hydrocarbons (HC), and carbon monoxide (CO) are simultaneously removed by using a reduction catalyst and adding air to the exhaust in a closed-loop system. The reducing catalyst is usually a metal oxide that is part of the iron group. In the dual catalyst method, a three-way catalyst is used in series with an oxidizing catalyst. The oxidizing catalyst can be a part of either group I, V, VI, o r VI11 of the periodic table.6 Because most catalyticreduction reactions require an inlet air temperature of 220-350°C to reach their maximum reduction capability, they do not work well under cold running conditions. Many combustion modification techniques for reducing NO, are currently in use with stationary sources. For example, flue gas recirculation reduces the combustion temperature and available oxygen by recirculating the relatively cool combustion gases from the ~t a c k .~-~ Staged combustion reduces the amount of oxygen available while lowering the peak operating temperature by introducing less air than necessary for complete combustion at each stage in a multiple burner system.2y4
Engine combustion modification techniques such as lean fuevair ratio, stratified charge, and exhaust gas recirculation are used on mobile sources. A lean-burn technique has been used to simultaneously control the amounts of NO,, CO, and HC. As the fuel/air equivalence ratio is reduced to 0.9, CO and HC emissions drop but NO, emissions increase, because of higher combustion temperatures. An extremely lean mixture (0.8 fueuair equivalence ratio) results in control of HC, CO, and NO,, but the spark energy necessary to ignite the lean mixture is at least two orders of magnitude greater than what is used to ignite a rich mixture.' The stratified charge technique allows a rich fuel mixture into a small chamber containing the spark plug and a much leaner mixture into the main chamber t o reduce the required combustion temperature. Exhaust gas recirculation (EGR), similar to that used in stationary sources, is also used in engines. By recirculating the exhaust gas, the postflame gas temperature is reduced, resulting in a reduction in thermal NO, production.
These methods can be used to meet present emissions standards, but they are not adequate to reach the proposed standards because there are limits to their effectiveness for mobile sources. For example, catalytic reduction methods do not work well under cold conditions, and engine modification techniques may reduce the fuel economy of the car. A cost-effective method that can reduce emissions at any temperature and not affect the gas mileage of the car is needed.
MONOTOMIC NITROGEN METHOD
Recently, engineers have been developing a membrane for automotive application that separates the air stream into oxygen and nitrogen components. The oxygen-enriched stream is fed t o the engine combustion chamber, while the nitrogen-enriched air is exhausted. The membrane can reach an efficiency of 99.9% N,, but only when the pressure of the inlet air is raised to 100 psi. The advantages of an increase of oxygen to the combustion process are a reduction of HC and CO and improved fuel economy of the motor.8 However, the concentration of NO, in the exhaust increases. This paper reports on research at Argonne National Laboratory (ANL) of a method that uses the nitrogen-enriched stream of the membrane to reduce NO and NO,. The mechanism involves energizing the nitrogen with an electric arc to form monatomic nitrogen (N*). It is well known that N* atoms generated by the arc can reduce nitric oxide (NO) emissions by reversing the Zel'dovich step:'
This project examines the applicability of using N* to reduce both NO and NO,. The advantages of using this technology are that it can be low cost, works readily under cold-start Figure 2 .1 presents a schematic diagram of the experimental setup. The system is used to determine the feasibility of employing an electric arc to create N* for reducing NO, to nitrogen and oxygen. For these laboratory tests, a 50-kV charge from a power supply is used in conjunction with a pulser to create an electric arc. The pulser, manufactured for ANL by Ion Physics Corporation, consists of a series of capacitors and resistors enclosed in a cylindrical aluminum tank. The 50-kV charge from the power supply travels t o the pulser through two external resistors. Once the charge reaches the pulser, it is stored in the system's capacitors until the pulser receives a signal from the trigger to release the charge. The frequency of the trigger can be altered during an experiment to vary the pulse of the electric arc. The high-voltage pulse from the pulser is delivered to a needle in the reaction chamber through a 1/4-in.-diameter metal tube insulated by Teflon. The electric arc then propagates from the needle to a ground electrode. A narrow, rounded tip on the ground electrode helps to reduce the motion of the arc and to keep it centered along the nitrogen gas stream. The metal tube provides a current path for the pulser to the reaction chamber, while simultaneously allowing for introduction of a pure nitrogen gas to the needle, forming a gas jet. The gas jet impinges on the ground electrode placed right in front of it.
EXPERIMENTAL APPARATUS AND PROCEDURE
. 1 HIGH-VOLTAGE PULSER SYSTEM AND REACTION CHAMBER
The reaction chamber that houses the needle and ground electrode is a metal rectangular box that has a cross section measuring 4 in. x 4 in. and 4 ft long. The chamber is fitted with two windows, mounted on opposite sides, to allow observation of the arc, needle, and ground electrode characteristics. The needle is centered in and surrounded by a removable glass tube. The ground electrode is aligned with the needle center at a distance of 0.75 in. &om the needle end. The gas stream is fed from the gas cylinders into the glass tube, which keeps the gas in close proximity t o the arc, as pictured in Figure 2 .2. The glass tube defines the cross-sectional flow area of the NO, gas stream. The gas stream and the pure nitrogen jet always flow in the same direction. Three different diameters of glass tube were used to investigate the effects of confining the gas stream at various distances from the arc and assess the effects of different exhaust gas velocities on the NO, reduction efficiency. Perpendicular to the end of the glass tube is a sample probe, consisting of an l/8-in.-outsidediameter ceramic tube connected to Teflon tubing. The probe collects a representative gas sample that is pumped to the NO/NO, and oxygen analyzers.
NO/NO, AND OXYGEN ANALYZERS AND DATA ACQUISITION
A Beckman Model 951A NONO, analyzer is used to monitor the NO and NO, concentrations of the gas exiting the glass tube. The analyzer has two settings for measuring the exhaust. NO is directly measured by using the chemiluminescent method, and NO, is measured by first converting NO, to NO and then using the chemiluminescent method for detection. Therefore, the analyzer measures only NO and the combination of NO, and NO In order to quantify the oxygen produced by the NO, reduction with the pulsed electric arc, a sample from the gas stream is fed to an oxygen analyzer before and after the arc treatment. A Type A-Plus Oxygen Analyzer, manufactured by Delta F Corporation, with an in-line external gas scrubber, is used to measure the oxygen concentration in the sample. The scrubber contains small spheres of potassium permanganate to remove the NONO, gas that would otherwise interfere with the oxygen measurement, The oxygen analyzer uses a non-depleting sensor and operates on a simple coulometric process in which oxygen in the sample gas is reduced in an electrochemical cell. The sample gas diffuses through a barrier to the cathode that is in contact with electrolyte solution; oxygen is reduced a t this electrode to a hydroxyl (OH) ion:
O2 + 2H20 + 4e--+ 4 0 H -(cathode reaction) ( 
4)
Assisted by potassium hydroxide electrolyte, the ions migrate to the anode, where they are oxidized back to oxygen:
An external electromotive force (EMF) of 1.3 V dc drives the reaction in the sensor; the resulting cell current is directly proportional to the oxygen concentration in the gas stream. This current is measured using solid-state circuitry. The oxygen analyzer is capable of measuring oxygen levels from 10 ppm to 5%.
Data-on the levels of NO, NO,, and oxygen in the treated gas stream, as well as power supply current and voltage information, are transmitted to the data acquisition system in voltage signals. Data points are averaged over a 5-or 10-second time period and recorded in the computer buffer. Upon completion of the experiment, the data in the buffer are saved to the hard drive of a computer in a Microsoft Excel file.
EXPERIMENTAL PROCEDURE
Prior t o each daily set of experiments, the oxygen analyzer is purged with pure nitrogen to remove residual oxygen in the connecting tubing and electrolytic cell. The NO/NO, analyzer is turned on at least 45 min prior to the experiment to allow the converter to reach operating temperature. Next, the desired gas flows from each of the component gases are initiated and set with a Tylan flowmeter, so the majority of the oxygen in the reaction chamber is purged. A slight buildup of pressure in the reaction chamber is required to keep the outside oxygen from entering the reaction chamber through the exhaust tubing. The pump for transferring gas samples from the sample probe t o the analyzers is activated, but the valve to the oxygen analyzer is not opened until approximately 5 min after the gas flow to the reaction chamber has started. This delay is to keep the oxygen from the reaction chamber out of the analyzer.
When the analyzers have stabilized, approximately 5-10 min after the sample has flowed through the oxygen analyzer, automated data acquisition is initiated. During the experiment, data such as the pulser frequency, gas flow, and instrument scale setting are recorded manually. 
RESULTS
EXPERIMENTS WITH NO
In the first series of tests to determine the feasibility of using monatomic nitrogen to reduce NO,, researchers simply used NO and N, for the gas stream and pure N, for the needle flow. Nitric oxide was selected as the initial exhaust gas because it is the most dominant nitrogen oxide in engine exhaust. The initial laboratory setup allowed investigation of the reactions among nitrogen, N*, and NO with different levels of electric arc power, gas stream and needle gas flows, and glass tube sizes.
By modifying the voltage and pulse frequency of the arc, the power output of the arc can be changed. As power to the arc is increased, a logarithmic increase (l-ex) of NO reduction efficiency is observed. Figure 3 .1 shows the reduction efficiency of NO from the gas stream as a function of the power for 450-ppm NO gas at a flow rate of 7.5 standard liters per minute (slpm) and a glass tube diameter of 17.5 mm. NO and NO, reductions of 65% and 63%, respectively, were observed at 350 W. The difference in reduction efficiency for the NO and the NO, is caused by statistical error. In general, the maximum reductions in NO and NO, were always obtained at the maximum power supply setting (approximately 350 W).
The flow rate of the nitrogen through the needle was varied to test the effect on NO reduction at a constant arc power. As shown in Figure 3 .2, the change in flow rate of nitrogen through the needle, at a constant gas stream flow and with a glass tube diameter of 17.5 mm, did not change the reduction efficiency for 450-ppm NO. The reduction efficiency remains within *5% for needle flows of 0 to 1.28 slpm and a constant gas stream flow rate of 7.5, 15, o r 20 slpm. This effect may be caused by the low flow rates of nitrogen through the needle compared to the total gas flow.
Tests were also conducted to determine the effect of varying the gas stream crosssectional flow area around the arc while keeping the power constant. Glass tubes measuring 12, 17.5, and 19 mm in diameter were tested using the same gas stream. As indicated in Figures 3.3 and 3 .4, the results of the experiment with 450-ppm NO and an arc power of 350 W were not conclusive, but the reduction efficiency seems to improve with smaller flow areas. The smaller-diameter glass tubes may be more effective than the larger-diameter (19 mm) tube, because the smaller tube keeps the NO closer to the N*. However, when the 12-mm-diameter tube was used, the arc migrated to the wall of the surrounding glass tube rather than traveling to the ground electrode. Figure 3 .5 shows the decrease in NO reduction efficiency when the arc comes in contact with the wall. The reduction efficiency when the 17.5-mm-diameter glass tube was used (no arc-glass contact) was significantly higher than the efficiency when the 12-mm cylinder was in place (arc-wall contact). The arc was not centered in the nitrogen stream when it contacted the glass, so the nitrogen stream was not as completely energized. The best reduction results were obtained with the 17.5-mmdiameter glass tube, so it was used most in the experiments. The effect of the gas stream velocity on NO/NO, reduction efficiency was studied next. The velocity was determined by dividing the gas stream volumetric flow by the crosssectional area of the glass tube around the arc. These tests demonstrated that, for the same cross-sectional area, lower gas velocities improved the reduction efficiency of NO and NO,. concentration could be improved by increasing the needle nitrogen flow and/or the electric arc power (unfortunately, power could not be further increased with the present experimental setup).
t-----t-----t----t----l
EXPERIMENTS WITH NO, AND NOAVO, MIXTURES
Initial tests were conducted using only NO, and pure nitrogen in the gas stream. As in the previous tests, the reduction efficiency was measured as a function of arc power. Figure 3 .8 shows the concentration of NO, in the gas stream with an increase in arc power. In this test, the initial concentration was 225 ppm NO,, the flow rate was 7.5 slpm, and the glass tube diameter was 17.5 mm. The reduction of NO, was accompanied by a slight increase in NO that was created through the following competing reaction:
Although NO was created during the breakdown of NO,, the overall NO, reduction was still 65%. These results are comparable to the results obtained using NO mixtures.
Tests were then conducted with nitrogen gas streams containing 450 ppm NO and 225 ppm NO, to evaluate the effects of gas stream flow rates on NONO, reduction efficiency. For this test, the power was maintained at 350 W. Figures 3.9 and 3 .10 show that the rate at which the gas stream flows over the arc has a significant effect on the reduction efficiencies. NO and NO, removal efficiencies decrease with increased flow rates. As the flow rate increases, the NO, molecules pass more quickly through the arc reaction area with N*.
Different concentrations of NO, in the nitrogen gas stream were tested. As shown in Figure 3 .11, the NO, reduction efficiency decreased from 84% to 65% with the fivefold increase of NO, concentration in the gas stream at a power of 350 W. This decrease in reduction efficiency is similar to the decrease observed in the NO tests (Figure 3.7) . The decrease in reduction efficiency with an increase in concentration of NO, may be caused by a limit on the number of NO, molecules with which a unit volume of N* can react in a given period of time.
In the NO/NO, mixture tests, the concentration of NO was kept constant at 750 ppm, while the concentration of NO, was varied to maintain fured NO/NO, concentration ratios. The results from these tests are graphed in Figure 3 .12. Although the results are scattered, they do indicate that the reduction efficiencies of NO, NO,, and NO, increase with electric arc power. The reductions of NO were higher when the ratio of NO t o NO, was higher (20:l vs. 1O:l). However, this trend was reversed for the NO, reductions. Consequently, the overall NO, reduction efficiencies were very similar for the two different gas mixtures.
. OXYGEN TESTS
Several tests were conducted to determine the effect of oxygen on NO, reduction efficiency. Different quantities of oxygen were used in the needle flow and in the gas stream flow. The total oxygen content varied from 0.5% to 9.6% of the total gas flow for these tests. Figure 3 .13 shows that both NO and NO, reduction efficiencies decrease with increasing oxygen content in the gas stream. The decrease was rapid from 0% t o 2% oxygen, but ceased at around 4% oxygen. It seems that some sort of equilibrium was reached for the N,, O,, NO, and NO, system. Figure 3 .14 demonstrates that oxygen has a similar effect on reduction whether the oxygen is in the gas stream or in the needle flow. 
CONCLUSIONS AND RECOMMENDATIONS
The experiments conducted show how different variables affect the ability of monatomic nitrogen t o reduce NO and NO,. Increased reduction efficiency was observed with an increase in power and a decrease in the gas stream concentration, velocity, and flow rate. A decrease in the cross-sectional flow area of the gas stream (the glass tube diameterj improved reduction until the arc began contacting the glass wall. Overall, 0, and NO, decreased NO and NO, reduction, and even when 0, and NO, were maintained at a small percentage of the total gas flow, significant reductions were still observed.
Further work is needed t o reduce the deleterious effects of oxygen on NONO, reduction efficiency. The reaction chamber should be modified to prevent the oxygen from being energized by the arc, and experiments using real engine exhaust should be performed to evaluate the merits of this technology for automotive applications. 
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